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Abstract 

The  effect  of  tin  in  the  depassivation  of  lead-calcium  alloys  under  conditions  of  deep  discharge  (0.7  V  versus  Hg/Hg2S04  in  0.5  M 
H2S04)  is  investigated  by  measurements  of  the  polarization  resistance,  the  oxidation  rate  of  ferrous  ions  added  to  the  electrolyte,  the 
potential  decay  with/without  applied  cathodic  current,  and  surface  analysis  and  visual  inspection.  The  results  may  help  to  choose  the 
optimal  level  of  tin  in  the  alloys.  ©  1997  Elsevier  Science  S.A. 
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1*  Introduction 

The  use  of  low -antimony  or  antimony-free  alloys  is  an 
effective  means  to  minimize  gassing  and  to  achieve  main¬ 
tenance-free  lead/acid  batteries.  Thus,  new  materials  have 
been  employed  in  grid  manufacture,  e.g.  Pb-Ca  alloys  and 
even  pure  lead.  Pb-Ca  alloys  have  led  to  ‘passivation’ 
phenomena  at  the  positive  plate;  these  are  attributed  to  the 
formation  of  a  poorly-conducting  oxide  layer  between  the 
grid  and  the  active  mass  [1].  This  layer  has  been  identified 
as  tetragonal  lead  oxide,  referred  to  as  a-PbO  [2-4],  The 
formation  of  a-PbO  is  induced  by  the  presence  of  a  lead 
sulfate  layer  that  acts  as  a  semi-permeable  membrane  and 
increases  the  local  pH  at  the  grid/lead  sulfate  interface  to 
a  value  close  to  9  [5,6].  Alloying  with  tin  (the  original 
objective  of  which  was  to  improve  fluidity  during  casting) 
was  found  to  be  effective  in  decreasing  grid  passivation. 
Tin  decreases  the  thickness  of  the  PbO  layer  [7,8]  and 
increases  the  electronic  conductivity  of  the  passivation 
layer  [9,10].  The  mechanisms  proposed  in  the  literature 
range  from  a  disproportionation  reaction  between  PbO  and 
SnO  [11]  to  the  formation  of  mixed,  semi-conducting, 
Pb-Sn  oxides  [9,10].  In  previous  work  [12,13],  the  authors 
have  used  electrochemical  techniques  to  evaluate  the  elec¬ 
trical  properties  of  the  passivation  layer.  The  results  showed 
that  the  conductivity  increases  sharply  for  alloys  with  a  tin 
content  higher  than  1.5  wt.%. 
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This  study  reports  further  investigations  on  the  effect  of 
tin.  Several  measurements  have  been  carried  out  to  eluci¬ 
date  the  role  of  tin  on  the  depassivation  of  Pb-Ca  alloys 
under  conditions  of  deep  discharge. 


2.  Experimental 

Pure  lead  and  Pb-Ca-Sn  alloys  prepared  by  MetalEu- 
rop  Recherche  were  used  as  working  electrodes  (Table  1). 
These  alloys  were  heated  to  +  600  °C,  cast  in  a  hot  mould 
(300  °C),  and  then  aged  for  72  h  at  +60  °C.  Working 
electrodes  were  imbedded  in  cold-mounting  resin;  their 
exposed  surfaces  were  polished  mechanically  with  emery 
paper  under  water  (up  to  grade  1000),  then  washed  in 
distilled  water,  and  finally  rinsed  in  absolute  ethanol. 

The  electrochemical  apparatus  comprised  a  Radiometer 
IMT  101  Electrochemical  Interface,  DEA  332  Digital  Elec¬ 
trochemical  Analyser  and  ELDA  300  software  with  a 
Hewlett  Packard  Vectra  486  computer.  Potentials  were 
measured  with  respect  to  a  Hg/Hg2S04  reference  elec¬ 
trode.  The  electrolyte  was  0.5  or  4.5  M  H2S04.  Polariza¬ 
tion  of  the  alloy  electrode  was  in  the  potential  range 
—  1500  to  700  mV.  The  potential  scan  rate  was  1  mV  s  1 . 
Electronic  conductivity  of  the  passive  layer,  formed  at  700 
mV,  was  evaluated  by  following  the  current  density  related 
to  the  oxidation  of  Fe2+  ions  added  to  the  sulfuric  solu¬ 
tion.  The  oxygen  overvoltage  was  determined  by  direct 
measurement  of  the  volume  of  evolved  oxygen  with  the 
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Table  1 


Composition  of  test  alloys  studied  a 


Name 

Ca 

(ppm) 

Sn 

(%) 

Ag 

(ppm) 

Al 

(ppm) 

Pb-0.08Ca-0.6Sn 

795 

0.60 

34 

143 

Pb-0.08Ca-0.6Sn-0.05Ag 

770 

0.59 

505 

123 

Pb-0.08Ca-0.6Sn-0.1Ag 

759 

0.58 

1040 

113 

Pb-0.08Ca-l.2Sn 

863 

1.22 

32 

118 

Pb-0.08Ca- 1 .2Sn-0.05Ag 

775 

1.22 

495 

94 

Pb-0.08Ca-l.5Sn 

800 

1.50 

32 

140 

Pb-0.1Ca-2.0Sn 

960 

2.10 

110 

Pb-0.1Ca-3.0Sn 

960 

3.23 

120 

Pb-0.1Ca-5.0Sn 

920 

5.50 

120 

3  Note,  the  number  before  each  minor  component  (Ca  or  Sn)  is  the 
amount  of  that  component  in  wt.%  in  the  alloy. 


eudiometric  technique:  oxygen  gas  was  collected  in  an 
inverted  burette  filled  with  sulfuric  solution. 

3.  Results 

3.1.  Potential  decay  measurements 

The  electrodes  were  maintained  at  700  mV  for  24  h  in 
0.5  M  H2S04,  a  condition  that  simulated  deep-discharge; 
the  polarization  was  then  cut  off.  The  change  in  the  rest 
potential  versus  time  for  the  alloys  is  shown  in  Fig.  1 .  For 
0.6  wt.%  Sn  alloy,  the  potential  dropped  rapidly  to  the 
equilibrium  potential  of  the  PbO/Pb  system  and  remained 
constant  for  a  long  time  (more  than  4  h).  This  feature 
indicates  the  development  of  a  thick  layer  of  PbO.  With 
high-tin  alloys  (2  and  3  wt.%  Sn),  the  self  reduction  of  the 
oxides  proceeded  at  high  potentials  for  more  than  4  h 
before  attaining  the  PbO/Pb  potential.  This  means  that 
oxides  with  oxidation  states  higher  than  2,  namely  PbOv, 
were  present  in  the  oxide  layer.  At  a  very  high  tin  level  (5 
wt.%  in  this  case),  there  is  a  reverse  effect,  the  amounts  of 
PbO  and  PbOx  are  very  small  and  the  self-reduction  takes 
place  at  low  potentials  before  attaining  the  equilibrium 
potential  of  the  PbS04/Pb  couple.  These  results  indicate 


Fig.  1.  Rest  potential  vs.  time  of  Pb-0.08Ca-  xSn  alloys  after  polariza¬ 
tion  at  700  mV  for  24  h  in  0.5  M  H2SQ4. 


Fig.  2.  Chronopotentiometry  of  lead  alloys:  effect  of  tin  on  the  thickness 
of  the  PbO  layer  formed  at  700  mV  for  30  min  in  0.5  M  H2S04. 
Reduction  current  —  —  10'4  A  cm-2. 


Fig.  3.  Chronopotentiometry  of  lead  alloys:  effect  of  tin  on  the  thickness 
of  the  PbO  layer  formed  at  700  mV  for  24  h  in  0.5  M  H2S04.  Reduction 
current  =  —  10' 4  A  cm-2. 


*103 


Fig.  4.  Relationship  between  reduction  time  (proportional  to  the  thickness 
of  the  passivation  layer)  and  polarization  time  at  700  mV  in  0.5  M 

h2so4. 
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Fig.  5.  Thickness  of  PbO  layer  on  Pb-0.08Ca-  a  Sn  after  polarization  at  Fig'  6'  Current  densi,y  vs'  time  for  different  a,loys  durinS  f,menllostatlc 
700  mV  for  30  min  and  24  h.  polarization  at  1500  mV. 


that  tin  favours  the  formation  of  ?bOK  at  tin  levels  higher 
than  3.0  wt.%,  but  that  the  formation  of  PbO  and  PbOv  is 
inhibited  due  to  the  presence  of  tin  precipitates  that  pro¬ 
duce  a  large  amount  of  acidic  tin  ions  during  the  anodic 
polarization,  as  shown  later  in  this  study. 

3.2.  Chronopotentiometry 

The  electrodes  were  polarized  from  —  1500  to  700  mV 
at  a  scan  rate  of  1  mV  s  ” 1  and  were  maintained  at  700  mV 
for  either  30  min  (Fig.  2)  or  24  h  (Fig.  3).  The  reduction 
current  was  —  10  4  A  cm-2.  It  can  be  seen  that  the 
plateau  potential  that  corresponded  to  PbOv  (as  described 
above)  is  not  observable  in  Figs.  2  and  3.  Thus,  it  can  be 
assumed  that  the  reduction  current  density  was  too  high 
and  the  amount  of  PbOt  too  small  to  cause  a  potential 
arrest.  In  a  previous  paper  [14],  chronopotentiometry  was 
performed  with  a  reduction  current  of  —  10 ~6  A  cm  2 ;  the 
oxide  formation  time  was  30  min  at  700  mV.  The  potential 
plateau  began  at  around  —400  mV.  In  this  study  (i.e.  with 
a  reduction  current  of  -  10  4  A  cm  2),  the  potential 
plateau  was  between  —700  and  —800  mV.  The  experi¬ 
mental  plateau  potential  found  by  Ruetschi  [5]  for  the 
PbO/Pb  couple  in  4.2  M  Fl2S04  was  —380  mV.  It  seems 
that  the  intensity  of  the  reduction  current  exerts  an  influ¬ 
ence  on  the  observed  reduction  potential:  the  higher  the 
current,  the  lower  the  potential.  Very  low  reduction  cur¬ 
rents  may  lead  to  the  equilibrium  potential  of  the  redox 
system  and,  therefore,  the  plateau  potential  is  approached. 
Nevertheless,  the  reduction  must  take  place  at  a  higher  rate 
than  the  sulfation  reaction,  so  the  reduction  current  cannot 


Fig.  7.  Oxygen  gassing  volume  vs.  polarization  time  at  1500  mV  for 
different  alloys. 


be  too  low.  The  reduction  time  increased  linearly  with  the 
oxidation  time  of  the  electrodes,  see  Fig.  4.  The  thickness 
of  the  PbO  layer  was  calculated  from  the  data  of  Figs.  2 
and  3  and  is  plotted  in  Fig.  5.  It  is  notable  that  the  0.6 
wt.%  Sn  alloy  exhibited  the  greatest  thickness.  The  partic¬ 
ular  behaviour  of  this  alloy  can  be  observed  in  other 
reactions,  for  example,  oxygen  and  hydrogen  evolution. 
The  thickness  of  the  PbO  layer  decreased  rapidly  when  the 
tin  level  was  higher  than  1.2  wt.%.  The  growth  kinetics  of 
the  PbO  layer  appear  to  obey  (over  the  studied  period)  a 
linear  law  versus  the  oxidation  time  —  the  thickness  of  the 
PbO  layer  determined  by  extrapolation  of  the  data  in  Figs. 
4  and  5  to  seven  days  of  oxidation  was  close  to  the  value 


Table  2 


Comparison  of  the  thicknesses  of  the  PbO  layer  by  linear  extrapolation  and  by  metallographic  observation 


Wt.%  Sn  in  alloys 

0.0 

0.6 

2.0 

5.0 

Thickness  of  the  PbO  layer  by  linear  extrapolation  to  7  days  (jjim) 

5 

8 

2 

0.7 

Observed  thickness  of  the  PbO  layer  after  7  days  oxidation  (|jim) 

4.2 

8.5 

2.5 

0.8 
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-1500  -1400  -1300  -1200  -1100  -1000 


Fig.  8.  Cathodic  current  for  Pb-0.08Ca-  jeSn  electrodes  relating  to 
hydrogen  evolution  in  0.5  M  H2S04. 

determined  from  metallographic  observations  of  cross  sec¬ 
tions  of  electrode  surfaces  (Table  2). 

3.3 .  Oxygen  and  hydrogen  overvoltage 

When  the  electrodes  were  polarized  at  1300  mV,  oxy¬ 
gen  gassing  was  very  limited.  At  higher  potentials,  the 
anodic  currrent  density  and  oxygen  gassing  both  increased 
rapidly.  At  +  1500  mV,  anodic  current  densities  of  various 
alloys  increased  with  time  (see  Fig.  6).  As  the  electrodes 
are  oxidized  to  give  increasing  amounts  of  Pb02  [14],  the 
anodic  current  is  the  sum  of  currents  from  the  oxidation  of 
the  electrode  and  the  oxidation  of  water.  The  latter  reaction 
can  be  evaluated  by  eudiometric  measurement  of  the  vol¬ 
ume  of  evolved  oxygen.  The  effect  of  tin  on  the  oxygen 
overvoltage  is  shown  in  Fig.  7.  Note  the  behaviour  of  the 


Fig.  9.  Effect  of  tin  on  polarization  resistance,  Rp ,  of  Pb-0.008Ca-xSn 
alloys  in  0.5  M  H2S04  after  passivation  at  700  mV  for  24  h. 


0.6  wt.%  Sn  alloy;  it  exhibits  the  highest  overvoltage.  In 
general,  tin  increases  the  oxygen  overvoltage.  On  the  other 
hand,  alloying  with  silver  lowers  the  oxygen  overvoltage 
(Figs.  6  and  7).  This  silver  effect  has  been  reported 
previously  by  Pavlov  and  Rogachev  [15]. 

To  evaluate  hydrogen  evolution,  the  electrodes  were 
polarized  at  — 1500  mV,  then  the  applied  potential  was 
increased  and  the  cathodic  current  recorded.  It  was  as¬ 
sumed  that  only  the  hydrogen  evolution  reaction  occurred 
in  the  cathodic  process,  given  the  fact  that  lead  hydride  is 
formed  only  in  small  quantities  [16].  Here  again,  the 
highest  hydrogen  overvoltage  was  displayed  by  the  0.6 
wt.%  Sn  alloy  and  the  general  tendency  is  for  alloying 
with  tin  to  reduce  hydrogen  evolution  (Fig.  8). 

In  general  mechanisms  proposed  for  the  oxygen  and 
hydrogen  evolution  reactions,  it  is  proposed  that  O  and  H 
atoms  are  formed  as  intermediate  products  [17].  The  rate- 
determining  step  is  considered  to  be  the  combination  of  O 
or  H  atoms  to  form  02  and  H2.  Tin  as  additive  may  affect 


Fig.  10.  Change  in  Rp  with  time,  at  rest  potential,  after  passivation  at  700  mV  for  24  h  in  0.5  M  H2S04. 
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the  combination  reaction  through  the  adsorption  of  atomic 
species.  In  the  case  of  oxygen  evolution,  oxidized  tin  may 
change  the  phase  composition  of  the  anodic  layer  (to 
favour  the  formation  of  PbOr)  as  well  as  the  diffusion 
coefficient  of  the  O  species  and,  hence,  the  concentration 
of  O  atoms  at  the  oxide- solution  interface  [15]. 

3.4 .  Conductivity  of  the  passive  layer 

The  effect  of  tin  on  both  the  resistivity  and  the  elec¬ 
tronic  conductivity  of  the  anodic  layer  was  evaluated  by 
measuring  the  polarization  resistance  ( Rp )  and  the  oxida¬ 
tion  rate  of  ferrous  ions  dissolved  in  the  sulfuric  solution. 
The  effect  of  tin  on  Rp,  measured  just  after  polarization  of 
the  electrodes  at  700  mV  for  24  h  in  0.5  M  H2S04,  is 
presented  in  Fig.  9.  The  polarization  resistance  dropped  to 
a  low  level  when  the  tin  content  was  higher  than  1.2  wt.%. 
This  low  level  was  roughly  5  kfl  cm-2  for  3  and  5  wt.% 
Sn  alloys.  To  assess  the  change  in  the  anodic  layer  after 
polarization  cut-out,  Rp  was  measured  at  two-minute  inter¬ 
vals  (Fig.  10).  The  increase  in  R?  during  the  first  hour 
indicates  the  discharge  of  PbOt  to  a  less-conducting  PbO. 
The  subsequent  decrease  of  Rp  may  be  related  to  a  gradual 
transformation  of  PbO  into  PbS04  that  is  porous  and  less 
resistive.  The  rapid  decrease  of  Rp  for  the  5  wt.%  Sn  alloy 
is  due  to  the  small  thickness  of  the  PbO  layer  (Fig.  5). 

The  influence  of  layer  thickness  and  time  on  the  in  situ 
conductivity  of  the  PbO  layer  was  assessed  by  measuring 
the  oxidation  rate  of  ferrous  ions.  The  electrodes  were 
passivated  by  potentiodynamic  polarization  from  —  1 500 
to  700  mV  with  a  scan  rate  of  1  mV  s-1,  then  maintained 
at  this  potential  for  3  min  (thin  anodic  layer)  or  24  h  (thick 
anodic  layer).  Afterwards,  ferrous  ions,  at  a  concentration 
of  0.025  M,  were  added  to  the  4.5  M  H2S04  solution.  The 
oxidation  current  density  of  Fe2+  was  controlled  by  the 


Current  density  (jiA/cm2) 


Fig.  U.  Oxidation  current  density  of  Fe2  +  in  4.5  M  H2S04  vs.  time  at 
700  mV  on  electrodes  previously  passivated  for  3  min. 


Current  density  (jiA/ctn2) 


Fig.  12.  Oxidation  current  density  of  Fe2+  in  4.5  M  H2S04  vs.  time  at 
700  mV  on  electrodes  previously  passivated  for  24  h. 

rate  of  transfer  of  electrons  through  the  passivation  layer. 
When  there  is  no  increase  in  the  anodic  current,  it  can  be 
stated  that  there  is  no  electronic  conductivity  to  allow  the 
oxidation  of  Fe2+.  For  alloys  containing  only  0.6  wt.%  Sn, 
no  conductivity  was  observed  after  passivation  for  3  min  at 
700  mV  and  only  a  very  slight  conductivity  (increase  of 
only  6  |jlA  cm“2)  after  passivation  for  24  h.  For  alloys 
containing  1.2  or  1.5  wt.%  Sn,  the  increase  in  oxidation 
current  was  considerable  (i.e.  few  hundred  jxA  cm-2) 
when  the  passivation  layer  was  thin  (Fig.  11)  and  a  few 
tens  of  pi  A  cm“2  when  the  passivation  layer  was  thick 
(Fig.  12).  This  implies  that  the  conductivity  is  closely 
related  to  the  thickness  of  the  PbO  layer.  It  is  worth 
mentioning  that  the  oxidation  currents  reached  a  peak  a 
few  hours  after  the  introduction  of  Fe2+  ions  to  the 
sulfuric  solution.  The  initial  increase  in  conductivity  can 
be  explained  by  the  increasing  amount  of  conducting  tin 


Fig.  13.  Depth  profile  of  tin  in  passive  layers  of  Pb-Sn  alloys  formed  at 
700  mV  for  24  h  in  0.5  M  H2S04. 
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oxide  in  the  PbO  layer.  The  subsequent  slight  decrease  of 
the  conductivity  can  be  explained  by  the  increase  of  the 
thickness  of  the  PbO  layer  and  probably  by  the  ‘leaching 
out’  of  tin  through  dissolution  in  the  sulfuric  solution. 

To  verify  if  there  is  an  enrichment  of  tin  in  the  passiva¬ 
tion  layer,  X-ray  photoelectron  spectroscopy  (XPS)  analy¬ 
ses  were  performed  on  electrodes  polarized  at  700  mV  for 
24  h  in  0.5  M  H2S04  and  with  the  resulting  sulfate  layers 
removed  by  treatment  with  0.1  M  acetate  solution.  The 
depth  profile  of  tin  in  the  passivation  layer  formed  on 


Pb-Sn  alloys  is  shown  in  Fig.  13.  There  is  no  enrichment 
of  tin  in  the  oxide  layer  for  the  0.6  wt.%  Sn  alloy,  a  slight 
enrichment  near  the  metal  oxide  interface  for  the  1.2  wt.% 
Sn  alloy,  and  a  decrease  in  the  tin  level  for  the  5.0  wt.% 
Sn  alloy.  These  results  are  very  different  from  the  data 
obtained  on  Pb-Sn  alloys  passivated  in  pH  9  (tetraborate) 
solution  [18]  for  which  tin  enrichment  was  considerable, 
since  tin  oxide  has  the  lowest  solubility  in  the  pH  9  region 
[19].  In  sulfuric  solution,  a  dissolution  of  tin  is  expected 
and  impedance  spectroscopy  studies  [13]  have  shown  an 


Fig.  14.  Electron  micrographs  of  electrode  surface  after  polarization  in  0.5  M  H?S04  at  700  mV:  (a)  for  2  min,  alloy  Pb— 0.  ICa— 5.0Sn;  (b)  for  24  h,  alloy 
Pb-0.1Ca-5.0Sn,  and  (c)  for  2  min,  alloy  Pb-0.008Ca-0.6Sn. 
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Table  3 


Amount  of  dissolved  lead  and  tin  in  0.5  M  H  2  S04  after  polarization  at  700  mV  for  7  days 


Alloy 

Pb-0.1Ca-0.6Sn 

Pb-0.1Ca-2.0Sn 

Pb-0.1Ca-5.0Sn 

Pb 

jag  ml~ 1 

71 

64 

81 

Pb 

fxmol  cm-2 

0.34 

0.31 

0.39 

Sn 

img  ml"1 

0 

28 

88 

Sn 

p,mol  cm*2 

0 

0.24 

0.75 

increase  in  the  ionic  conductivity  of  the  passivation  layer 
due  to  the  presence  of  tin  ions. 

Other  experimental  evidence  to  support  the  enrichment 
of  tin  in  the  passivation  layer  was  obtained  by  metallo- 
graphic  observations  and  chemical  analyses.  When  the  tin 
content  was  higher  than  2.0  wt.%,  three  phases  were 
observed  in  the  Pb-Ca  alloys:  a  solid  solution  containing 
1.9  wt.%  Sn,  fine  precipitates  (PbSn)3Ca,  and  crystals 
(mostly  coarse)  of  pure  tin.  The  crystals  can  be  readily 
dissolved  in  sulfuric  acid,  as  shown  by  the  micrographs  of 
Fig.  14  where  the  dark  holes  relate  to  the  sites  of  previ¬ 
ously  observed  tin  crystals  and  were  formed  when  the  5 
wt.%  Sn  alloy  was  polarized  at  700  mV  for  only  2  min. 
With  longer  polarization  times,  the  growth  of  PbS04  crys¬ 
tals  covered  these  holes.  Tin  appears  to  retard  the  growth 
of  PbS04  crystals  since  larger  dendritic  PbS04  crystals 
were  observed  on  the  0.6  wt.%  Sn  alloy  which  displayed 
no  tin  precipitates  and  no  related  holes.  To  ascertain  that 
there  was  dissolution  of  alloying  tin,  chemical  analyses 
were  carried  out  (with  atomic  absorption  spectroscopy)  to 
determine  the  amount  of  lead  and  tin  in  0.5  M  H2S04  after 
polarization  at  700  mV  for  seven  days.  The  results  are 
reported  in  Table  3. 

For  the  particular  0.6  wt.%  Sn  alloy,  tin  was  not 
dissolved  in  the  sulfuric  solution.  For  tin-rich  alloys,  how¬ 
ever,  the  dissolution  rate  increased  rapidly  and  in  the  case 
of  the  5.0  wt.%  Sn  alloy,  the  molar  dissolution  of  tin  was 
almost  twice  that  of  lead. 

4.  Conclusions 

The  following  conclusions  can  be  drawn  from  the  above 
studies. 

1.  Alloying  with  tin  favours  the  formation  of  PbOx 
(1  <x<  1.5)  but  high  tin  levels  (>3  wt.%)  retard  the 
growth  of  PbOt  and  PbO  in  the  passivation  potential 
range. 

2.  Over  a  period  of  seven  days,  a  linear  relationship  is 
observed  between  the  thickness  of  the  PbO  layer  and  the 
oxidation  time  at  700  mV. 

3.  Pb-0.008Ca-0.6Sn  alloy  exhibits  a  particular  be¬ 
haviour,  namely,  the  greatest  thickness  of  passivation  layer 
and  the  highest  oxygen  and  hydrogen  overpotential. 

4.  Alloying  with  tin  increases  the  overvoltage  of  the 
oxygen  and  hydrogen  evolution  reactions. 

5.  Under  deep-discharge  conditions,  the  alloyed  tin 
level  must  be  higher  than  1.2  wt.%  in  order  to  increase  the 
conductivity  of  the  passivation  layer. 


6.  The  conductivity  of  the  passivation  layer  increases 
with  time;  it  then  decreases  when  the  thickness  of  the  PbO 
layer  increases  and  when  tin  is  dissolved  in  the  sulfuric 
solution. 

7.  The  tin  level  must  be  higher  than  1.5  wt.%  to  reduce 
the  thickness  of  the  PbO  layer. 

8.  Alloying  with  tin  reduces  the  growth  rate  of  PbS04 
crystals. 
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